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A B S T R A C T
This work encompasses the thermodynamic characterization of four doped lanthanummanganites, namely
La0.6A0.4Mn1−yAlyO3 (A = Ca, Sr and y = 0, 0.4), all showed to be promising redox materials for the solar
thermochemical splitting of H2O and CO2 to H2 and CO. We present oxygen nonstoichiometry measure-
ments in the temperature range T = 1573 K–1773 K and oxygen partial pressure range
pO2 = 4.5066 × 10−2 bar–9.9 × 10−5 bar. For a given T and pO2, oxygen nonstoichiometry is found to be higher
when replacing the divalent dopant Sr in La0.6Sr0.4MnO3 by the divalent Ca but also increases signiﬁ-
cantly when additionally doping 40 mol-% Al to the Mn-site. La0.6Ca0.4Mn0.6Al0.4O3 revealed the highest
mass speciﬁc oxygen release, 0.290 mol O2 per kg metal oxide at T = 1773 K and pO2 = 2.360 × 10−3 bar
and 0.039 mol kg−1 at T = 1573 K and pO2 = 4.5066 × 10−2 bar. It is shown that the chemical defect equi-
librium of all four perovskites can be accurately described by the two simultaneous redox couples
Mn4+/Mn3+ and Mn3+/Mn2+. Thermodynamic properties, namely partial molar enthalpy, entropy and Gibbs
free energy are consequently extracted from the defect models. Partial molar enthalpy decreases with
increasing oxygen nonstoichiometry for the Al-doped perovskites whereas the opposite trend is ob-
served for the others. The enthalpy falls within the range 260–300 kJ mol−1 for all the materials. Equilibrium
hydrogen yields upon oxidation with H2O are determined as a function of redox conditions. Although
reduction extents of the perovskites are greater compared to CeO2, oxidation with H2O and CO2 is ther-
modynamically less favorable. This leads to lower mass speciﬁc fuel productivity compared to CeO2 under
most conditions relevant for solar thermochemical cycles.
© 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction
Nonstoichiometric ceria (CeO2) is currently considered to be a
state-of-the-art redox material for solar-thermochemical splitting
of H2O and CO2 to H2 and CO (syngas) because of its rapid oxida-
tion and reduction kinetics and its morphological stability over a
range of temperatures and reduction extents [1]. Compared to other
metal oxide systems (e.g. volatile ZnO [2] and non-volatile ferrites
[3,4]), ceria shows relatively low fuel productivity per unit mass of
metal oxide [5–7]. It has been shown that reduction extents of ceria
can be increased by introducing 4+ valence dopants such as Zr4+
[8–12] and Hf4+ [8,13] into the ceria lattice. However, thermody-
namic calculations for Zr4+-doped ceria [7,12] showed that oxidation
with H2O is less favorable compared to pure ceria. This results in a
lower theoretical solar-to-fuel energy conversion eﬃciency for
Zr4+-doped ceria because of larger temperature swings between the
redox steps and/or excess oxidant gas [7]. Lower conversion eﬃ-
ciency was also reported for other ceria dopants such as Gd3+, Y3+,
Sm3+, Ca2+ and Sr2+ [6].
Perovskite oxides have recently been proposed as promising al-
ternative reactive intermediates for solar thermochemical
H2O/CO2 splitting because of potentially increasing the energy con-
version eﬃciency by lowering the reduction temperature or
increasing the mass speciﬁc fuel yield [14–23]. The two-step solar-
thermochemical cycle based on a generic perovskite (ABO3) is
represented by
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where Eq. (1) represents the high-temperature endothermic re-
duction and Eq. (2) the lower temperature exothermic oxidation
with H2O (a) and CO2 (b). δred and δox represent the oxygen
nonstoichiometry after reduction and oxidation, respectively, whereas
the difference δred − δox is the molar amount of fuel produced per
mole of metal oxide. Scheffe et al. [14] considered strontium-
doped lanthanummanganites La1-xSrxMnO3 (x = 0.30, 0.35, 0.40) and
reported reduction extents of La0.6Sr0.4MnO3 to be nearly 6.5 times
larger than those of ceria at 1600 K and twice larger at 1800 K, both
for pO2 = 10−5 bar. However, it was shown that their theoretical solar-
to-fuel energy conversion eﬃciency is lower compared to that of
ceria because of the thermodynamically less favorable oxidationwith
CO2 and H2O. Based on measurements of Mizusaki et al. [15], Yang
et al. [16] concluded higher reduction extents and, consequently,
higher fuel yields with increasing x for La1-xSrxMnO3 (0 ≤ x ≤ 0.5),
while H2O-to-H2 conversion rate decreased with increasing x. This
led to the conclusion that intermediate doping levels may be optimal
for solar-to-fuel energy conversion. McDaniel et al. [17] showed even
higher CO and H2 yields when additionally doping Al to the B-site
of La1-xSrxMnO3 while maintaining fast oxidation rates with CO2 and
H2O. Dey et al. [18] showed increasing reduction extents and fuel
productivity when replacing the divalent A-site dopant Sr in
La1-xSrxMnO3 with Ca and obtained best results for x = 0.5. In another
recent work [19], they investigated two series of perovskite oxides,
Ln0.5Sr0.5MnO3 and Ln0.5Ca0.5MnO3 (Ln = La, Nd, Sm, Gd, Dy, and Y)
and concluded highest O2 release for the manganite with the small-
est A-site cation radius (in this case Y). A comparison between
LaxSr1-xMO3 (M = Mn, Co, Fe) and BaxSr1-x(Co,Fe)O3 [20] showed best
results for the Mn-containing perovskites. In a very recent study by
Cooper et al. [21], Sr and Ca A-site doped lanthanum-manganites,
with and without B-site doping of Al, were examined for redox per-
formance and compared to the state-of-the-art material ceria.
La0.6Sr0.4Mn0.6Al0.4O3 and La0.6Ca0.4Mn0.6Al0.4O3 reach four to nine times
higher reduction extents compared to ceria in the temperature range
T = 1473 K–1673 K, while maintaining fast oxidation kinetics with
CO2. Bork et al. [22] reported that La0.6Sr0.4Cr1-xCoxO3 with the optimal
dopant concentration x = 0.2 can split up to 25 timesmore CO2 when
cycling at T = 1073 K–1473 K compared to ceria or exhibits similar
reduction extents (δ = 0.034) at 300 K lower temperatures (1473 K
instead of 1773 K). On the other hand, cyclability redox studies by
Galvez et al. [23] revealed that the chemical stability of Ca, Sr and
Al-doped La–Mn perovskites is detrimentally affected by sintering
and by the formation and eventual segregation of a carbonate phase
during oxidation by CO2.
Some of the conclusions drawn for the perovskites discussed
above are mainly based on qualitative reduction experiments under
an inert ﬂow of low pO2 and oxidation under a relatively high ﬂow
of CO2 and/or H2O in a thermogravimetric analyzer [18–20,22]
and/or in an electrically heated furnace coupled to a gas analysis
[17,18]. Such experiments with large excess of CO2 and/or H2O can
result in misleading conclusions, as indicated by various thermo-
dynamic analyses [14,16,21]. In the work of Yang et al. [16], the
amount of H2O needed to oxidize La1-xSrxMnO3 (0 ≤ x ≤ 0.4) to a
certain δox, and hence produce a ﬁxed amount of H2 in a closed
system with variable volume was calculated from thermody-
namic data. Similar calculations were performed by Scheffe et al.
[14] and Cooper et al. [21], however, there, the initial amount of CO2
and/or H2O was ﬁxed and the fuel yield was predicted as a func-
tion of oxidation temperature. Such thermodynamic fuel yield
calculations allow for an accurate determination of the material’s
potential to eﬃciently split CO2 and/or H2O.
In this work, we build on the recent work of Cooper et al. [21]
and report detailed oxygen nonstoichiometry measurements of
La0.6A0.4Mn1−yAlyO3 (A = Ca, Sr and y = 0, 0.4) over a wide tempera-
ture range T = 1573 K–1773 K and oxygen partial pressure range
pO2 = 4.5066 × 10−2 bar–9.9 × 10−5 bar. The reﬁnement of the
nonstoichiometry measurements allows the development of more
appropriate defect models to describe the defect chemical equilib-
ria and to extract ﬁner trends in partial molar thermodynamic
properties (ΔhO , ΔsO , ΔgO ). From such data we determine equilib-
rium hydrogen yields and evaluate the potential of these lanthanum-
manganites to be used as reactive intermediates in solar
thermochemical redox cycles.
2. Experimental section
2.1. Sample preparation and characterization
La0.6Sr0.4MnO3 (LSM40), La0.6Ca0.4MnO3 (LCM40),
La0.6Sr0.4Mn0.6Al0.4O3 (LSMA) and La0.6Ca0.4Mn0.6Al0.4O3 (LCMA)
perovskite powders were synthesized by sol–gel method as de-
scribed by Scheffe et al. [8]. The corresponding metal nitrates (see
Table 1 in electronic supplementary information1 (ESI)) and anhy-
drous citric acid (Sigma–Aldrich, catalog nr. 251275) in aqueous
solution were used to carry out the synthesis. The ratio of the metal
cations to the citric acid was 1:1.5. The aqueous solution was slowly
heated up to 573 K to perform the pyrolysis. Afterwards, powders
were calcined at 1273 K under air for 5 h. Dense cylindrical pellets
were obtained by uniaxially cold-pressing the powder at 5 tons fol-
lowed by sintering at 1773 K under air atmosphere for 24 h. The
approximate dimensions after sintering were 6.4–6.9 mm diame-
ter and 1–2 mm height and the mass of the pellets was ∼250 mg
(LSM40), ∼290 mg (LCM40), ∼150 mg (LSMA) and ∼270 mg (LCMA).
Dopant concentrations were measured by inductively coupled
plasma-atomic emission spectroscopy (ICP-OES) and deviated by less
than 4% from their nominal composition for LSMA and LCMA. Powder
X-ray diffraction (XRD) was performed in the Bragg Brentano
geometry using Cu Kα radiation (Philips, PANalytical/X’Pert
MPD/DY636, λ = 1.5406 Å, 2Θ = 20–100°, 0.01° s−1 scan rate,
45 kV/20 mA output). Scanning electron microscopy (SEM) of the
dense pellets was conducted on a TM-1000Microscope (Hitachi,
15 kV accelerating voltage). ICP-OES analysis, XRD patterns and SEM
images are shown in ESI.
1 Electronic supplementary information (ESI) available: List of metal nitrates used
for sample preparation, ICP-OES analysis, XRD patterns, SEM images, detailed der-
ivation of defect model and additional results.
Table 1
Linear ﬁtting parameters of lnKi versus 1000/T (cf. Eq. (13)) of all four perovskites represented by the enthalpy Δhi and entropy Δsi of the two single defect reactions.
Defect reaction Extracted ﬁtting parameter LSM40 LCM40 LSMA LCMA
Eq. (4) (K1) Δh1 (kJ mol−1) 256.12 257.44 324.07 307.35
Δs1 (J mol−1 K−1) 98.60 101.54 133.05 127.36
Eq. (8) (K2) Δh2 (kJ mol−1) 314.52 314.09 229.59 261.88
Δs2 (J mol−1 K−1) 96.82 106.52 61.16 82.35
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2.2. Thermal analysis
Oxygen nonstoichiometry was measured using a
thermogravimetric analyzer (TGA, Setaram Setsys Evolution). Pellets
were suspended to the balance with a custom-made platinum hook
to ensure good exposure to the purge gas and eliminate gas diffu-
sion limitations. The pO2 of the sweep gas was controlled by mixing
Ar (Messer, Argon 4.6) with O2/Ar mixtures (Messer, 5% O2 5.0 in
Ar 5.0 and 0.1% O2 5.0 in Ar 5.0). Gases were mixed with electron-
ic mass ﬂow controllers (Brooks, Model 5850TR, accuracy ±1%) with
a constant total ﬂow rate of 200 ml/min. The gas species and con-
centrations at the outlet were monitored by mass spectrometry
(Pfeiffer Vacuum, OmniStar GSD 320). Temperature was varied
between 1573 K and 1773 K and pO2 between 4.5066 × 10−2 bar and
9.9 × 10−5 bar. In all measurements, the samplemass (ms) was equili-
brated at a constant T and pO2. Following each equilibrium
measurement, the pO2 was rapidly changed by adapting the O2/Ar
gas mixture, resulting in a temporal weight change of the sample
due to evolving or uptaking of oxygen until a new equilibrium state
was reached. To correct for buoyancy, blank runs were performed
with inert Al2O3 sintered pellets of same dimensions.
3. Results
3.1. Oxygen nonstoichiometry
The thermogravimetric measurements of LCM40, LSM40, LSMA
and LCMA are shown in Fig. 1(a) and (b). Fig. 1(a) shows the
reduction and oxidation runs within the higher pO2 measurement
range (4.5066 × 10−2 bar to 2.387 × 10−3 bar) whereas Fig. 1(b) shows
the runs within the lower pO2 range (9.15 × 10−4 bar–9.9 × 10−5 bar).
The samples were heated to different set point temperatures fol-
lowed by isothermal reduction and oxidation by stepwise changing
pO2. As seen, within the temperature and pO2 range investigated, LCMA
shows the highest reduction extents followed by LSMA, LCM40 and
LSM40. The measurement of LCM40 within the lower pO2 range is
shown in ESI because of different relaxation time scales. Oxygen
nonstoichiometry δ is calculated according to:
δ = ⋅Δm M
M
S
S
O
(3)
where ΔmS is the relative weight loss at equilibrium, MS is the molar
mass of the sample, and MO the molar mass of atomic oxygen. ΔmS
of the reduction and oxidation runs is calculated relative to themass
at T = 873 K before heating to the set point temperature and after
cooling from the set point temperature, respectively. Measured 3 − δ
versus pO2 for T = 1573 K–1773 K is shown in Fig. 2 for LSM40 (a),
LCM40 (b), LSMA (c) and LCMA (d). Symbols indicate 3 − δ values
obtained from thermogravimetric (TG) analysis shown in Fig. 1 (a)
and (b). Dashed colored and solid black lines indicate defect models
used to describe equilibrium data, presented in the next section.
Error bars account for ΔmS ≠ 0 at the stabilization temperature
T = 873 K (cf. ΔmS of LSMA shown in Fig. 1 (b)). As seen in Fig. 2, δ
is highest for LCMA followed by LSMA, LCM40 and LSM40, over the
whole measurement range investigated. At T = 1573 K and at
pO2 = 2.09 × 10−4 bar, δ of LCMA is almost 100% higher than LCM40
whereas δ of LSMA is almost 150% higher than LSM40. At these con-
ditions, LCMA releases about 20% more O2 compared to LSMA (per
mole of metal oxide). Compared to ceria [7], higher reduction extents
are obtained with all the four perovskites as seen in Fig. 3, where
the mass speciﬁc oxygen release n’O2 is shown. For example,
n’O2 = 0.15mol/kg is expected for ceria at T = 1885 K and pO2 = 10−3 bar,
while LCMA is expected to reach the same n’O2 but at 285 K lower
temperatures. The higher reduction extent of LSMA compared to
LSM40 is in agreement with measurements of McDaniel et al. [17]
and Cooper et al. [21]. The higher reduction extents of the Ca-
doped perovskites compared to the Sr-doped are in agreement with
the study of Dey et al. [19], attributed to the smaller ionic radii of
Ca2+ compared to Sr2+.
3.2. Defect modeling
Several defect models describing the oxygen nonstoichiometry
of doped and undoped lanthanum-manganites can be found in lit-
erature [14,15,24–29]. For undoped LaMnO3, La and Mn are in the
trivalent state. When replacing some of the lanthanum by a diva-
lent dopant (e.g. Sr, Ca) some of the Mn goes from its trivalent to
its tetravalent state in order to compensate the charge differences
introduced by the divalent dopant. In Kröger-Vink notation [30] this
reads as La Sr Mn Mn O1 1 3−× −× ⋅′x x x x . It was shown [14,15,24,26,31] that the
reduction of Sr-doped LaMnO3 in the oxygen-deﬁcient region can
be described in Kröger-Vink notation as
2 2
1
2 2
Mn O Mn V O gMn O Mn O⋅ ⋅⋅× ×+ = + + ( ) (4)
where tetravalent manganese (MnMn⋅ ) onmanganese lattice sites and
oxygen atoms on oxygen lattice sites (OO×) are in equilibrium with
gaseous oxygen, trivalent manganese on manganese lattice sites
Fig. 1. Percent mass change as a function of time for all reduction and
oxidation runs of LCM40, LSM40, LSMA and LCMA for: (a) temperature range
T = 1573–1773 K and O2 partial pressure range pO2 = 4.5066 × 10−2–2.387 × 10−3 bar;
and (b) T = 1573–1673 K and pO2 = 9.15 × 10−4–9.9 × 10−5 bar.
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(MnMn× ) and doubly ionized oxygen vacancies (VO⋅⋅). By applying the
law of mass action, assuming activity coeﬃcients equal 1 and a stan-
dard pressure p° = 1 bar, the equilibrium constant for reaction (4)
can be deﬁned as [21,27,29].
K p p1
2
2
1 2
2=
[ ][ ]
[ ][ ] °( )
⋅⋅
⋅
×
×
V Mn
O Mn
O Mn
O Mn
O (5)
where square brackets denote concentrations taken as sublattice site
fractions, e.g. for oxygen vacancies:
VO
V
V O
O
O O
⋅⋅[ ] =
+
⋅⋅
⋅⋅ ×
n
n n (6)
Trivalent manganese in Eq. (4) can further disproportionate to
tetravalent and divalent manganese (MnMn′ ) according to
2Mn Mn MnMn Mn Mn× ⋅= + ′ (7)
By combining Eq. (7) with Eq. (4), the disproportionation reac-
tion can be written as
Mn O Mn V O gMn O Mn O⋅ × ⋅⋅+ = ′ + + ( )12 2 (8)
with the equilibrium constant
K p pO2
1 2
2=
[ ] ′[ ]
[ ][ ] °( )
⋅⋅
⋅×
V Mn
O Mn
O Mn
O Mn
(9)
Measured oxygen nonstoichiometry of the four perovskites in-
vestigated in this work was modeled as a function of temperature
and pO2 by ﬁtting the equilibrium constants K1 and K2 to the exper-
imental data. A defect cluster model was not considered because
it was reported to be limited to lower pO2 values [26]. This is
further supported by the very good ﬁt of the proposed defect
model to the experimental data. Site balances for manganese and
oxygen
Fig. 2. Measured oxygen nonstoichiometry (symbols) of LSM40 (a), LCM40 (b), LSMA (c) and LCMA (d) versus pO2 for T = 1573 K–1773 K. Colored dashed and black solid
lines indicate defect models used to describe experimental results. Black solid lines are calculated based on individual defect equilibrium constants whereas the colored
dashed lines are calculated by using the inverse temperature dependence of lnK1 and lnK2 (cf. Fig. 4 and Eq. (13)).
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and charge neutrality
2n n x nV Mn MnO Mn Mn⋅⋅ ⋅+ = + ′ (11)
allow K1 and K2 to be written in terms of δ, pO2 and one sublattice
site fraction. The last unknown site fraction can be eliminated by
combining K1 and K2 to one expression shown in a linear form by
δ δ
δ δ
δ1 2 1 4
1 2
1 22 1
2 3
32x y p p
x
Y
+ − −( ) °( )
−( ) −( ) =
−( )O
/
  
2 1
21 2 1 4
2
1
1 2
2
δ
δ δ
− + −( )
−( ) °( )
−
x y
x p p
K
K
X
O  
(12)
Complete derivation of Eq. (12) is shown in ESI. By plotting the
measured nonstoichiometry data in the form Y versus X (cf. Eq.
(12) and Fig. 5 in ESI), K1 and K2 can be determined by linear re-
gression. −K11/2 equals the Y-intercept and K2 the slope of the linear
ﬁt. Fitted equilibrium constants K1 and K2 versus 1000/T are shown
in Fig. 4 (a) and (b), respectively. Lines indicate the best linear ﬁts
of lnK1 and lnK2 versus 1000/T. The ﬁtting parameters, repre-
sented by the enthalpy Δhi and entropy Δsi of the single defect
reactions (i = 1 for Eq. (4) and i = 2 for Eq. (8)), were extracted from
the linear ﬁts by using Eq. (13). Results are summarized in Table 1
for all four materials.
− ( ) = − =
° °
ln , ,K
h
RT
s
R
ii
i iΔ Δ 1 2 (13)
Error bars shown in Fig. 4 represent ±2σ (two times standard de-
viation) of intercept (K1) and slope (K2) of the linear regression. With
the knowledge of K1 and K2, δ can be calculated for arbitrary pO2 by
solving Eq. (12). δ values calculated by using individual data points
of Fig. 4 (a) and (b) are indicated by the solid black lines in Fig. 2.
δ values shown by the colored dashed lines in Fig. 2 are deter-
mined by using the inverse linear temperature dependence of lnK1
and lnK2 as shown by the solid lines in Fig. 4 (a) and (b). In general,
the measured δ values are well described by both ﬁts. Thus, the re-
duction of all the four perovskites studied in this work can be well
described by the reduction of Mn4+ to Mn3+ andMn2+, at least within
the T and pO2 range investigated here. Minor deviations of the two
ﬁts (black solid and colored dashed lines), especially towards higher
δ values, can be attributed to differences between individual data
points (symbols) and linear ﬁt in Fig. 4 (a) and (b). For LSM40, at
T = 1723 K, 1623 K and 1573 K, best ﬁts were obtained by only con-
sidering Eq. (4) (K2 = 0).
3.3. Thermodynamic properties
Assuming unity activity for the solid and ideal gas behavior for
O2, the standard partial molar Gibbs free energy, equivalent to the
Fig. 3. Mass speciﬁc oxygen evolution for LSM40, LCM40, LSMA, LCMA and ceria
[7] versus temperature at pO2 = 10−3 bar.
Fig. 4. Equilibrium constants versus inverse temperature for LSM40, LCM40, LSMA
and LCMA: (a) K1; and (b) K2. Lines indicate linear ﬁts of lnK to 1000/T.
Fig. 5. −ln(pO2/p°) versus 1/T for LCM40 for the temperature range T = 1573 K–
1773 K and oxygen nonstoichiometry range δ = 0.0103–0.0675.
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Gibbs free energy change of an inﬁnitesimal reaction of Eq. (1), can
be written as [21].
Δg T RT p pOO δ , ln( ) = − °( )12 2 (14)
ΔgO can be additionally related to the standard partial molar en-
thalpy (ΔhO) and entropy (ΔsO) according to
Δ Δ Δg h T sO O O  = − (15)
By combining Eqs. (14) and (15) and assuming temperature in-
dependent partial molar enthalpy and entropy, ΔhO and ΔsO as a
function of δ (deﬁned per 1 mol of oxygen vacancies created in the
lattice or equivalent to half a mole of O2 released to the surround-
ing gas atmosphere) are obtained by determining the slope and
intercept of −ln(pO2/p°) versus 1/T for a constant δ,
− °( ) = −
=
ln
.
p p
h
RT
s
R
O
O O
const
2
2 2Δ Δ 
δ
(16)
Constant δ values are obtained by evaluating the defect models
in the temperature range T = 1573 K–1773 K. Fig. 5 shows
−ln(pO2/p°) versus 1/T of LCM40 for the temperature range T = 1573 K–
1773 K and oxygen nonstoichiometry range δ = 0.0103–0.0675. The
error bars correspond to deviations between measured and ﬁtted
pO2 (obtained from ﬁtted δ) shown in Fig. 2, whereas the symbols
correspond to the ﬁtted pO2 shown by the black lines in Fig. 2. Similar
plots for the other perovskites are shown in the ESI. All data points
are well represented by a linear ﬁt (R2 > 0.93) indicating generally
temperature independent ΔhO and ΔsO for all the perovskites within
the temperature range investigated.
ΔhO and ΔsO as a function of δ are shown in Fig. 6 and Fig. 7,
respectively, for all four perovskites investigated. Symbols repre-
sent ΔhO and ΔsO values calculated from δ values shown by the solid
black lines of Fig. 2(a–d). Dashed lines represent modeled values
calculated based on only the colored dashed lines of Fig. 2(a–d). Error
bars were calculated from ± 2σ of slope (for ΔhO) and intercept (for
ΔsO ) of the linear regression of −ln(pO2/p°) versus 1/T (cf. Fig. 5 and
Eq. (16)). The agreement between measured and modeled ΔhO and
ΔsO values is quite good except for LSM40, where the discrepancy
can be attributed to larger deviations between defect model and
measured δ values (cf. Fig. 2(a)). Interestingly, ΔhO of the Al-
doped perovskites (LSMA and LCMA) decreases with increasing δ
whereas ΔhO of the two non-Al-doped perovskites (LSM40 and
LCM40) slightly increases with increasing δ. ΔhO values of the Ca-
doped perovskites are slightly higher compared to their equivalent
Sr-doped ones. ΔhO values of LSM40 shown in this work are con-
sistent with the values calculated by Yang et al. [16] using
nonstoichiometry measurements of Mizusaki et al. [15], however,
they observed a small decrease in enthalpy with increasing δ. The
trend of increasing enthalpy with δ was also observed by Cooper
et al. [21], although their values are lower than those reported here.
In contrast, ΔhO values of LCMA and LSMAmeasured by Cooper et al.
[21] increasedwith δ and therefore values differ by up to 100 kJ mol−1
at low δ (≈0.02). Measurements for LCM40 are in good agreement.
Compared to literature data of ceria [7], ΔhO values obtained for the
perovskites are around 150 kJ mol−1 lower at δ ≈ 0.07. This result is
expected because of the much higher reduction extents (or lower
reduction temperature) of the perovskites compared to ceria. Al-
though ΔhO of the Ca-doped perovskites is higher compared to that
of Sr-doped ones, reduction extents are larger. This can be ex-
plained by the higher ΔsO (discussed below) which results in a lower
ΔgO for the Ca-doped materials.
The ΔsO values of the Al-doped perovskites (LCMA and LSMA)
show a much steeper decrease with increasing δ compared to the
non-Al-doped ones (LCM40 and LSM40). ΔsO is highest for LCMA
followed by LSMA, LCM40 and LSM40, at least for δ < 0.75. Entropy
values of LSM40 and their dependence on δ reported by Yang et al.
[16] are similar to this work. ΔsO values measured by Cooper et al.
[21] are comparable to themeasurements shown in this work, except
for LSM40 which are higher in this work. Cooper et al. [21] show
highest ΔsO for LCM40 (out of LCMA, LSMA, LCM40 and LSM40)
whereas here, highest ΔsO was measured for LCMA (for δ < 0.125).
Deviations in the partial molar thermodynamic properties from the
work of Cooper et al. [21] might be explained by differences in the
measured oxygen nonstoichiometry. The increase in ΔhO and ΔsO
Fig. 6. Standard partial molar enthalpy ΔhO for LSM40, LCM40, LSMA and LCMA
as a function of δ. Symbols represent measured values calculated based on δ values
shown by the black solid lines in Fig. 2 (a–d) whereas dashed lines represent modeled
values calculated based on δ values shown by the colored dashed lines in Fig. 2 (a–d).
Fig. 7. Standard partial molar entropy ΔsO for LSM40, LCM40, LSMA and LCMA as
a function of δ. Symbols represent measured values calculated based on δ values
shown by the black solid lines in Fig. 2(a–d) whereas dashed lines represent modeled
values calculated based on δ values shown by the colored dashed lines in Fig. 2 (a–d).
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when adding Al to the B-site of La1-xCaxMnO3 is in agreement with
themeasurements of Tanasescu et al. [32] (at least for δ < 0.02). Com-
pared to ceria [7], ΔsO values of the perovskites are in general more
than 50 J mol−1 K−1 lower.
The partial molar Gibbs free energy ΔgO° as a function of T and
δ was calculated frommodeled ΔhO° and ΔsO° values (cf. dashed lines
in Figs. 6 and 7) according to Eq. (15), where it was assumed that
ΔhO° and ΔsO° are independent of T. ΔgO of the perovskites and
ceria [7] are shown in Fig. 8 for δ = 0.10, relevant for the metal oxide
reduction reaction, and negative ΔgO for δ = 0.01, relevant for the
oxidation reaction with H2O or CO2. For comparison, the corre-
sponding values for ceria were calculated: ΔgO δ =( )0 10. with
ΔhO = 405 kJ mol−1 and ΔsO = 160 J mol−1 K−1 and ΔgO° =( )δ 0 01.
with ΔhO = 480 kJ mol−1 and ΔsO = 260 J mol−1 K−1 [7] and addition-
ally shown in Fig. 8. Dashed lines represent the Gibbs free energy
change of H2 oxidation: H O H O2 2 20 5+ =. ( − °Δr H OG 2 , blue) and of CO
oxidation: CO O CO+ =0 5 2 2. ( − °Δr COG 2, red), obtained from NIST-
JANAF thermochemical tables. The reduction reaction of the metal
oxide is at equilibrium at pO2 = 1 bar and δ = 0.10 at the tempera-
ture where ΔgO° =( )δ 0 10. = 0. The oxidation with H2O/CO2 to δ = 0.01
is thermodynamically favorable at temperatures where
− =( ) = −° °Δ Δg GO r H Oδ 0 01 2. or = − °Δr COG 2 , respectively. From Fig. 8 it
can be concluded that at pO2 = 1 bar, LCMA reduction to δ = 0.10 is
favorable at T = 2070 K and at even higher temperatures for the other
perovskites and ceria. The oxidation of LSM40 and LCM40 with H2O
and CO2 to δ = 0.01 is not favorable at T > 400 K, whereas the oxi-
dation of the Al-doped perovskites with H2O is favorable at 420 K
(LSMA) and 405 K (LCMA). Their oxidation with CO2 is thermody-
namically unfavorable at T > 400 K. The oxidation of ceria to δ = 0.01
with H2O and CO2 is favorable at much higher temperature
(T = 1050 K) compared to the oxidation of the perovskites. At
T = 1050 K, the oxidation with H2O and CO2 is identically favor-
able. The favorable oxidation thermodynamics of ceria can be
explained by its relatively high ΔhO and ΔsO values. The high ΔsO
results in a relatively high ΔgO° value at lower temperatures and a
relatively low ΔgO° at higher temperatures. Out of the perovskites,
LCMA shows the best thermodynamic performance because of the
highest ΔsO and additionally a decreasing ΔhO with increasing δ.
3.4. Water splitting
In this work we have decided to focus on H2O splitting, but the
thermodynamics of CO2 splitting are qualitatively very similar and
give similar insights into the performance of candidate redox ma-
terials [6,21]. Thermodynamically, the water splitting reaction can
be described by the simultaneous oxidation of the perovskite with
O2 and the splitting of H2O into H2 and 1/2O2, as shown by Eqs. (17)
and (18), respectively.
1 1
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1
2δ δ δ δδ δred ox 3- red ox 3-
O O Ored ox
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−
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H O H O2 2 2
1
2
= + (18)
The chemical equilibrium is described by the two simultane-
ous reaction equilibria
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where pO2, pH2 and pH2O denotes the equilibrium partial pressures
of O2, H2 and H2O, respectively and Kw is the reaction equilibrium
constant of the H2 oxidation reaction. Assigning reaction coordi-
nates ξ1 to Eq. (17) and ξ2 to Eq. (18) and assuming that reactions
proceed in a closed-system with variable volume, the equilibrium
gas-phase composition may be found according to Ref. [33].
n n
n n
n n
n n ng
H O H O i
H H i
O O i
tot O
2 2
2 2
2 2
2
2
2
1 2
1
2
1
2
= −
= +
= − +
= +( )
,
,
,
ξ
ξ
ξ ξ
H H O
ox red
2 2
1
+
= −
n
δ δ ξ
(21)
where the subscript i denotes initial molar amount of the gas species.
The partial pressure of gas phase species g is deﬁned by
p
n
n
pg
g
tot
tot= (22)
where ptot denotes the closed system total pressure. For given nH2O,i,
nH2,i (=0), nO2,i (=0), Tox, δred and ptot, the equilibrium gas phase com-
position (nH2O, nH2, nO2), the equilibrium partial pressures (pH2O, pH2,
pO2) and the reaction coordinates (ξ1, ξ2) can be determined by si-
multaneously solving Eqs. (19)–(22). Gas phase amounts of H, O and
OHwere assumed to be negligible at T < 1600 K [34]. Fig. 9 (a) shows
ξ1 = δred − δox, the H2 yield (black dashed lines), and nH2, the equi-
librium amount of H2, (red solid lines) versus temperature upon
oxidation of LCMA (δred = 0.127, calculated at Tred = 1673 K and
pO2,red = 10−4 bar) at ptot = 1 bar for nH2O,i = 1000 mol (circles),
nH2O,i = 100mol (triangles), nH2O,i = 1mol (squares) and nH2O,i→inﬁnity
(+symbols). For nH2O,i = 1000 mol and T < 1200 K, ξ1 ≈ nH2, meaning
that most of the O2 produced by Eq. (18) is consumed by the
perovskite and therefore the amount of H2 from thermolysis of the
excess H2O has a negligible contribution to the total equilibrium
amount of H2. At T > 1200 K, nH2 > ξ1, meaning that a signiﬁcant
Fig. 8. Standard partial molar Gibbs free energy ΔgO for LSM40, LCM40, LSMA, LCMA
and CeO2 [7] for δ = 0.10, relevant for the reduction, and negative ΔgO for δ = 0.01,
relevant for the oxidation reaction. Dashed lines represent the Gibbs free energy
change of the H2 oxidation reaction: H O H O2 2 20 5+ =. (−Δr H OG 2 , blue) and of the CO
oxidation reaction: CO O CO+ =0 5 2 2. (−Δr COG 2 , red). The metal oxide reduction reac-
tion is at equilibrium in 1 bar pO2 at δ = 0.10 at the temperature where
ΔgO δ =( )0 10. = 0. The oxidation with H2O/CO2 to δ = 0.01 is thermodynamically fa-
vorable at temperatures where − =( ) = −Δ Δg GO r H O δ 0 01 2. or = −Δr COG 2 , respectively. (For
interpretation of the references to colour in this ﬁgure legend, the reader is re-
ferred to the web version of this article.)
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amount of the excess H2O splits into H2 and O2 whereas this amount
of O2 is not consumed by the perovskite. When cooling down the
equilibrium gas mixture to room temperature, nH2 minus ξ1 moles
of H2 may recombine with the gas-phase O2 to H2O. Therefore, the
minimum amount of H2 that can be used for further processing at
lower temperatures (e.g. converting to liquid fuels) is ξ1, indicated
by the black dashed lines and colored grey area in Fig. 9 (a). It is
shown that H2 yields increase with decreasing temperature and in-
creasing nH2O,i. For comparison, the equilibrium amount of H2 for
thermolysis only (ξ1 = 0) as a function of temperature is shown in
Fig. 9 (a) (blue dotted lines). As expected, towards higher tempera-
tures, nH2 for thermolysis only converges towards nH2 upon oxidation
of the perovskite. This is expected because towards higher tem-
peratures the amount of gas-phase oxygen consumed by the
perovskite decreases (decreasing ξ1 and increasing δox). Equilibri-
um amounts of H2 are always higher in the case of perovskite
oxidation compared to thermolysis only. Fig. 9 (b) shows the cor-
responding equilibrium partial pressures pH2 (red solid lines) and
pO2 (green solid lines) upon oxidation of LCMA. By increasing nH2O,i,
pH2 decreases because of the higher dilution of H2 in H2O, which ul-
timately results in an increase in pO2 (cf. Eq. (20)). Because δox
decreases with increasing pO2 at constant temperature (cf. Fig. 2),
H2 yields (ξ1) increase with increasing nH2O,i. However, it should be
kept in mind that the H2 concentration in the product gas will de-
crease when ﬂowing large amounts of H2O. The + symbols shown
in Fig. 9(b) represent the minimum pH2 andmaximum pO2 that could
theoretically be obtained at ptot = 1 bar and are equal to the equi-
librium partial pressures of the thermolysis reaction. Therefore, +
symbols in Fig. 9(a) show the maximum H2 yield upon oxidation
of LCMA with H2O (δred = 0.127) at 1 bar. For an open system, this
would imply a perfectly purged reactive structure or running the
oxidation for an inﬁnite long time, whereas for a closed system,
this would require an inﬁnitely amount of H2O. The results for
nH2O,i→inﬁnity are in agreement with the thermogravimetric anal-
ysis of Cooper et al. [21] where they experimentally showed that
CO production upon oxidation of LCMA with CO2 signiﬁcantly de-
creases with increasing temperature and that the material cannot
be fully oxidized at T ≥ 1323 K under pure CO2.
The inﬂuence of ptot on the H2 yield upon oxidation of LCMA
(δred = 0.127 at Tred = 1673 K and pO2,red = 10−4 bar) for nH2O,i = 100mol
is shown in Fig. 10(a) and the corresponding equilibrium partial pres-
sures are shown in Fig. 10(b). Labeling is similar to Fig. 9, but here
circles represent results for ptot = 0.01 bar, triangles ptot = 1 bar and
squares ptot = 100 bar. It is shown that under most conditions
(ptot > 0.01 bar and T < 1300 K), the total pressure does not signiﬁ-
cantly affect the equilibriumH2 yield, except for higher temperatures
and lower ptot, where ξ1 ≠ nH2; here the H2 yield slightly increases
with increasing ptot. As long as ξ1 ≈ nH2, implying that thermolysis
of the excess steam does not signiﬁcantly affect the H2 equilibri-
um amount, 1 mol of H2 is produced per mole of H2O, whereas the
O2 is consumed by the perovskite. Therefore the number of moles
in the gas phase stays constant and therefore the overall reaction
is not inﬂuenced by a change in ptot. When thermolysis becomes sig-
niﬁcant, the number of moles in the equilibrium gas phase increases
and therefore a change in ptot shifts the chemical equilibrium. Indeed,
this is shown in Fig. 10(b), where pO2 does not signiﬁcantly change
by increasing or decreasing ptot, at least for ptot > 0.01 bar and
T < 1300 K pH2 increases with increasing ptot, but the ratio of pH2O/
pH2 is constant which leads to a constant pO2 according to Eq. (20).
For high temperatures and large nH2O,i, where pO2 converges to
pO2,thermolysis and pH2 to pH2,thermolysis, higher H2 yields could theoreti-
cally be obtained at higher ptot. However, such operation conditions
(large amount of nH2O,i or running oxidation for a very long time)
might not be eﬃcient for a solar thermochemical process.
Fig. 11(a) shows the theoretical H2 yield at ptot = 1 bar, assum-
ing reaction in a closed system with variable volume and constant
pressure, versus temperature for LCMA, LSMA, LCM40, LSM40 and
CeO2 [7]. Results are shown for nH2O,i = 1 mol per mole metal oxide
(squares) and nH2O,i = 1000mol (circles). The nonstoichiometry before
oxidation (δred) was calculated for the reduction conditions
Tred = 1673 K and pO2 = 10−4 bar and additionally for Tred = 1873 K and
pO2 = 10−4 bar for CeO2 (open symbols). δred for each material is in-
dicated by the solid horizontal lines and represent the maximum
H2 yield that could be obtained when oxidizing to δox = 0. For
nH2O,i = 1 mol, all the perovskites show only minor H2 production
and reach oxidation extents of less than 42% for T > 600 K. However,
CeO2 oxidizes by more than 85% as high as T = 1200 K; its maximum
H2 yield (δred = 0.018) is relatively low under the reduction
Fig. 9. (a) H2 yield (ξ1 = δred − δox) upon oxidation of LCMA (black dashed lines), total
equilibrium amount of H2 (nH2) (red solid lines) and equilibrium amount of H2 con-
sidering direct thermolysis only (blue dotted lines) versus temperature. (b)
Corresponding equilibrium partial pressures of H2 (red solid lines), of O2 (green solid
lines) upon oxidation of LCMA. In (a) and (b), squares represents results for
nH2O,i = 1mol, triangles for nH2O,i = 100mol, circles for nH2O,i = 1000mol and + symbols
for nH2O,i→inﬁnity, all at ptot = 1 bar. pH2 and pO2 shown by the + symbols
(nH2O,i→inﬁnity) represents the minimum pH2 and maximum pO2 and are equal to
the equilibrium partial pressures of the H2O thermolysis reaction. (For interpreta-
tion of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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conditions considered for the perovskites however. By increasing
nH2O,i to 1000 mol, all materials can be oxidized at higher tempera-
tures because of the higher pO2, resulting in H2 yields higher than
80% at T = 1200 K for all materials. In summary, all perovskites in-
vestigated within this work only producemore H2 compared to ceria
under a large excess of oxidant gas and/or at relatively low oxida-
tion temperatures. Both scenarios imply additional energy penalties,
for example to heat oxidant gas, separate reaction products and to
overcome a high temperature difference between the low temper-
ature oxidation and high temperature reduction (large sensible heat
penalty). The ﬁnding of higher H2 yield for CeO2 (at least for
T < 750 K) compared to the perovskites under relatively small nH2O,i
is in good agreement with the calculations of Scheffe et al. [14] for
LSM30 and LSM40 and Cooper et al. [21] for LCM40, LCMA and
LSMA. The ﬁnding of higher fuel yields with increasing amount of
oxidant gas is in agreement with literature studies on doped ceria
[6,7] and perovskites [14,21]. For such a high amount of oxidant gas
(e.g. nH2O,i = 1000 mol per mole of metal oxide), highest H2 yield is
reached with LCMA, the perovskite showing the highest reduction
extent.
These results point out that qualitative oxidation experiments
under large CO2 and/or H2O excess in a thermogravimetric ana-
lyzer or equivalent test setup can result in misleading predictions
of a material’s potential to eﬃciently split CO2 and/or H2O in a solar
Fig. 10. (a) H2 yield (ξ1 = δred − δox) upon oxidation of LCMA (black dashed lines) as
a function of temperature and 3 different operating pressures. Total equilibrium yields
of H2 (nH2) (red solid lines) and equilibrium amount of H2 considering direct ther-
molysis only (blue dotted lines) are also shown. (b) Corresponding equilibrium partial
pressures of H2 (red solid lines), of O2 (green solid lines) upon oxidation of LCMA.
Blue and black dotted lines indicate the equilibrium partial pressure of H2 and O2
for thermolysis only, which is equivalent to the partial pressures when nH2O,i→inﬁnity.
In (a) and (b), squares represents results for ptot = 100 bar, triangles for ptot = 1 bar
and circles for ptot = 0.01 bar, all for nH2O,i = 100 mol. (For interpretation of the ref-
erences to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
Fig. 11. (a) Calculated H2 yield upon oxidation of LCMA, LSMA, LCM40, LSM40 and
CeO2 [7] versus temperature for nH2O,i = 1mol (squares) and nH2O,i = 1000mol (circles)
at ptot = 1 bar. (b) Calculated H2 yield upon oxidation of LCMA, LSMA, LCM40, LSM40
and CeO2 versus nH2O,i for T = 1200 K at ptot = 1 bar. In (a) and (b), the oxygen
nonstoichiometry before oxidation (δred) is shown by the solid lines and was de-
termined for Tred = 1673 K and pO2 = 10−4 bar for all materials and additionally for
Tred = 1873 K and pO2 = 10−4 bar for CeO2 (open symbols). H2 yields close to their
maximum are not shown because partial molar thermodynamic data was only cal-
culated for δ ≥ 0.001.
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reactor because of ﬂowing relatively large amounts of oxidant gas
for a long time and therefore attaining a high pO2. The high pO2 results
then in a low oxygen nonstoichiometry after oxidation and there-
fore a high fuel yield. When assuming a total pressure of 1 bar and
T = 1100 K, a maximum pO2 ≈ 7.5 × 10−7 bar could be attained when
ﬂowing H2O only (equal to the equilibrium pO2 of the thermolysis
reaction). However, the assumption of such a high pO2 for the equi-
librium of the oxidation reaction with H2O would imply a perfectly
purged material structure or an inﬁnitely long oxidation reaction
when considering an open reaction system, or an inﬁnite amount
of H2O when considering a closed system. For solar reactor systems,
typical maximum pO2 during oxidation are much lower because it
is ineﬃcient to run oxidation until completion [35] and/or to heat
large amounts of excess CO2 or H2O. For example, by limiting the
minimum H2 concentration in the product gas to 1% (at T = 298 K),
a maximum pO2 of only about 1.6 × 10−14 bar could be obtained at
T = 1100 K. This is more than seven orders of magnitude lower com-
pared to the pO2 when ﬂowing steam only. By looking at oxygen
nonstoichiometrymeasurements of La0.5Sr0.5MnO3 [15] it can be seen
that at T = 1100 K and pO2 ≈ 7.5 × 10−7 bar (pure steam), its oxygen
nonstoichiometry is δox ≈ 0, whereas at pO2 ≈ 1.6 × 10−14 bar, δox ≈ 0.17.
This means that by doing experiments in a thermogravimetric ana-
lyzer (or equivalent test setup) with a large amount of H2O for a
relatively long reaction time, H2 yield gets over-predicted by around
0.17 mol H2 per mole of La0.5Sr0.5MnO3 compared to a solar reactor
where the minimum outlet concentration of H2 was ﬁxed to 1%.
Therefore extracted fuel yields from simple Ar/CO2 or Ar/H2O cycling
experiments performed in a thermogravimetric analyzer (or equiv-
alent setup) should be considered asmaximum fuel yields attainable
but do not necessarily represent a material’s fuel productivity in a
solar reactor.
4. Conclusions
Oxygen nonstoichiometry measurements of La0.6A0.4Mn1−yAlyO3
(A = Ca, Sr and y = 0, 0.4) in the temperature range T = 1573 K–
1773 K and oxygen partial pressure range pO2 = 4.5066 × 10−2 bar–
9.9 × 10−5 bar revealed that the highest reduction extents are obtained
using La0.6Ca0.4Mn0.6Al0.4O3 (LCMA). Compared to the state-of-the-
art material ceria, LCMA releases more than 500% more O2 per unit
mass of redox material at T = 1700 K and pO2 = 10−3 bar. It releases
0.15 mol O2 per kg of redox material at 285 K lower reduction tem-
perature than ceria (1885 K for CeO2 and 1600 K for LCMA) at
pO2 = 10−3 bar. It was found that oxygen nonstoichiometry in-
creases when replacing the divalent dopant Sr in La0.6Sr0.4MnO3 with
Ca and additionally signiﬁcantly increases when doping 40 mol-%
Al on the Mn-site. The oxygen nonstoichiometry of all perovskites
investigated was accurately modeled by a chemical defect model
considering the reduction of Mn4+ to Mn3+ in combination with a
disproportionation reaction of Mn3+ to Mn4+ and Mn2+. From the
defect models, partial molar thermodynamic properties ( ΔhO , ΔsO ,
ΔgO ) were extracted. When doping Al to the Mn-site of
La0.6Sr0.4MnO3 and La0.6Ca0.4MnO3, ΔhO changes its trend of increas-
ing ΔhO with δ to decreasing ΔhO with δ. This has an impact on the
performance because a low enthalpy value towards higher δ is
desired for a favorable reduction and a high enthalpy value at low
δ is desired for a favorable oxidation with H2O and CO2. In general
ΔhO and ΔsO of the perovskites are signiﬁcantly lower compared
to CeO2, leading to a thermodynamically more favorable reduc-
tion step, but less favorable oxidation (fuel production) step. Indeed,
closed system calculations indicate that H2 or CO yields of CeO2 can
only be surpassed using high amounts of excess H2O/CO2 and/or at
much lower oxidation temperatures; both approaches imply addi-
tional energy penalties to heat excess H2O/CO2 and/or to overcome
larger temperature differences between oxidation and reduction
steps. Therefore, compared to the perovskites investigated in this
work, a material with a higher ΔhO° and higher ΔsO° would be desired,
yielding a higher ΔgO° at lower temperatures (relevant for oxida-
tion) and a lower ΔgO° at higher temperatures (relevant for reduction).
A strong decrease of ΔhO° with δ would also be favorable.
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Nomenclature
Δr COG 2° standard Gibbs free energy change of the CO2 formation
reaction (kJ mol−1)
Δr H OG 2° standard Gibbs free energy change of the H2O formation
reaction (kJ mol−1)
Δr oxG° standard Gibbs free energy change of the perovskite ox-
idation reaction with O2 (kJ mol−1)
ΔgO standard partial molar Gibbs free energy (kJ mol−1)
ΔhO standard partial molar enthalpy (kJ mol−1)
Δh1 enthalpy of Mn4+ to Mn3+ defect reaction (kJ mol−1)
Δh2 enthalpy of Mn4+ to Mn2+ defect reaction (kJ mol−1)
K1 Mn4+ to Mn3+ defect reaction equilibrium constant (−)
K2 Mn4+ to Mn2+ defect reaction equilibrium constant (−)
KW H2O dissociation equilibrium constant (−)
LCM40 La0.6Ca0.4MnO3
LCMA La0.6Ca0.4Mn0.6Al0.4O3
LSM40 La0.6Sr0.4MnO3
LSMA La0.6Sr0.4Mn0.6Al0.4O3
MnMn′ divalent manganese on manganese lattice site
MnMn× trivalent manganese on manganese lattice site
MnMn⋅ tetravalent manganese on manganese lattice site
MO molar mass of O (g mol−1)
MS molar mass of reactive sample (g mol−1)
ms mass of reactive sample (mg)
Δms relative mass change of reactive sample (−)
ng equilibrium molar amount of species g (mol)
ng,i initial molar amount of species g (mol)
nO2′ mass speciﬁc oxygen release (mol kg−1)
OO× oxygen atom on oxygen lattice site
pg partial pressure of gas g (bar)
ptot system pressure (bar)
p° standard pressure (bar)
R universal gas constant (J mol−1 K−1)
ΔsO standard partial molar entropy (J mol−1 K−1)
Δs1 entropy of Mn4+ to Mn3+ defect reaction (J mol−1 K−1)
Δs2 entropy of Mn4+ to Mn2+ defect reaction (J mol−1 K−1)
T temperature (K)
VO⋅⋅ doubly ionized oxygen vacancy
x A-site molar dopant concentration (−)
y B-site molar dopant concentration (−)
δ degree of oxygen nonstoichiometry (−)
δox degree of oxygen nonstoichiometry after oxidation (−)
δred degree of oxygen nonstoichiometry after reduction (−)
ξ1 reaction coordinate of perovskite oxidation with O2
ξ2 reaction coordinate of water dissociation
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